Concern about environmental pollutants has increased; however, it remains unclear whether chronic exposures to toxic chemicals in the environment occur at doses sufficient to produce adverse hearth effects in humans. To date, community studies have not adequately addressed this question. In this study, the authors linked two existing data bases of the New York State Department of Health to evaluate the relation between congenital malformations and residential proximity to hazardous waste sites in New York State. A total of 9,313 newborns with congenital malformations and 17,802 healthy controls living in proximity to 590 hazardous waste sites in 1983 and 1984 were evaluated. After the authors controlled for several possible confounding factors, results indicated that maternal proximity to hazardous waste sites may carry a small additional risk of bearing children with congenital malformations (odds ratio (OR) = 1.12, 95% confidence interval (Cl) 1.06-1.18). Higher malformation rates were associated with both a higher exposure risk (no exposure risk: OR = 1.00; low exposure risk: OR = 1.09, 95% Cl 1.04-1.15; high exposure risk: OR = 1.63, 95% Cl 1.34-1.99) and documentation of off-site chemical leaks (not exposed: OR = 1.00; exposed, but no leaks at site: OR = 1.08, 95% Cl 1.02-1.15; exposed, and leaks found at site: OR = 1.17, 95% Cl 1.08-1.27). The increased rates detected may be important in terms of their public health implications. Further research is necessary to strengthen causal inferences regarding the teratogenicity of waste site exposure. Am J Epidemiol 1992;135:1197-1207.
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The publicity surrounding Love Canal, New York, Times Beach, Missouri, and other hazardous waste sites has increased public concern that adverse reproductive health effects may be related to environmental chemical exposures. However, it remains unclear whether individuals living near these waste sites are exposed to toxic chemicals at doses sufficient to pose reproductive health hazards.
Many chemicals present at toxic waste sites are cytotoxic. As such, they may target cells in specific stages of development and inhibit their growth. This is particularly important with regard to embryologic development, because the embryo and fetus constantly have cells in the growth phase (1) . Animal studies have shown that chemical exposures can cause congenital malformations (2) (3) (4) (5) . Occupational studies have identified similar effects in humans. Higher rates of birth defects have been detected in children of workers exposed to mercury, organic solvents, and other chemicals (6) (7) (8) (9) . However, community studies, based on reported disease clusters around hazardous waste sites, have rarely been able to document significant increases in congenital defects in infants born to exposed individuals (10) (11) (12) . These results may reflect the methodological problems inherent in conducting such studies, or they could in fact signify that no adverse effects are occurring. In either case, the literature in the area of chemical expK> sures and birth defects in humans is sparse, and it is too early to draw definitive conclusions regarding the environmental etiology of birth defects on the basis of data that currently exist.
In this study, a four-tiered approach was used to evaluate the relation between birth defects and potential exposure to toxic waste sites. The first hypothesis tested whether residential proximity to a waste site during pregnancy increased the maternal risk of bearing a child with congenital defects. The next question focused on whether defects of specific organ systems were more likely to be correlated with proximity to a toxic waste site. Third, all defects were investigated with respect to selected characteristics of a waste site (e.g., sites with off-site migration of chemicals), to clarify whether these features increased the waste site's potential health risk. Finally, specific chemical groups associated with particular organ system defects in the literature were evaluated: pesticides associated with clefts (13) (14) (15) or musculoskeletal defects (16, 17) , metals associated with nervous system defects (18) (19) (20) , solvents associated with nervous system defects (21-23) or digestive system defects (24, 25) , and plastics associated with chromosomal anomalies (26) (27) (28) (29) .
The reason for this approach was that we wanted to see whether the later phases of analysis would corroborate and expand on the initial findings. Such replication, based on increasingly specific associations, reinforces the initial results and strengthens confidence in their validity. The hypotheses described were all defined a priori based on previous animal or occupational data, and were not due to ex post facto analyses of previously collected data.
A secondary purpose of this study was to test the feasibility of linking environmental and health data bases and of using geographic mapping methods for delineating environmental exposures.
MATERIALS AND METHODS
Two existing data bases of the New York State Department of Health, the Congenital Malformations Registry and the Hazardous Waste Site Inspection Program, were linked so that we could evaluate the relations described above.
Congenital malformations
The Congenital Malformations Registry contains reports of all liveborn children in New York State who are diagnosed at any time up to 2 years of age with congenital malformations, chromosomal anomalies, or persistent metabolic defects. Information is supplied to the Congenital Malformations Registry by hospitals, medical facilities, and private physicians (30, 31) . Ongoing audits are conducted to ensure the quality of the data, and these audits show the data to be 95 percent complete and accurate (30, 31) .
Waste sites
A total of 917 waste sites in 62 counties were available for consideration. Waste sites in New York City were excluded, given the area's unique sociodemographic and geographic characteristics as compared with the rest of New York State. Other excluded waste sites were located in relatively rural counties or in counties that were not assigned to census tracts, or had incomplete address information and therefore could not be geographically mapped in relation to the residences of the study population. A total of 42 counties and 278 waste sites were excluded on the basis of these criteria. A number of sites were excluded (n = 49) after a preliminary investigation, because no waste was identified. As a result, 590 sites in 20 New York counties were assigned complete latitudes and longitudes using US Environmental Protection Agency and New York Department of Environmental Conservation files (figure 1).
Cases. There were 34,411 individual malformations recorded in the Congenital Malformations Registry for the 1983 (1983-1985) and 1984 (1984-1986 ) birth cohorts.
Malformations were eliminated if they were considered redundant cases or if they did not have a valid birth certificate number that could be linked with vital statistics data (n = 1,833). Malformations were also excluded from the study if the case infants were residents of New York City or were born in counties without census tracts (n = 9,494). Multiple births were excluded (n = 949), as were all malformations listed on the Centers for Disease Control's "Exclusion List" (32) , to limit potential misclassification of malformations (n = 4,535). The Exclusion List contains conditions (e.g., minor defects, genetic and biochemical disorders) not considered part of the Centers for Disease Control case definition of a malformation. Finally, those infants born in counties without census mapping coordinates (33) and those born in New York City hospitals were excluded. New York City hospitals did not enter complete addresses on birth certificates during the 1983-1984 period, so infants born in these hospitals could not be mapped. This resulted in the exclusion of 5,158 malformations. Stillbirths and infants for whom residence at birth was unknownincluding those adopted, those born out of state, and those with incomplete addresses on their birth certificates (e.g., post office boxes, rural routes, etc.)-were excluded from the case selection process. The study was thus based on 12,442 individual malformations, representing 9,313 cases.
Malformations were then placed into seven general categories according to anatomic similarity, using the International Classification of Diseases, Ninth Revision, code. These categories were selected on the basis of the evidence in the literature suggesting an association with chemical exposures. They included oral clefts; musculoskeletal, nervous, integument, and digestive system defects; chromosomal anomalies; and syndromes. An eighth category was created to include the remaining defects for which there were little data to support an association. Thus, categories were selected based on minimizing the loss of precision inherent in combining categories of defects, while still maximizing the number of cases per group. Because each exposure was an unknown and a complex mix of chemicals, defects were first analyzed under the general category "all malformations" and were then placed in relatively broad-based groupings of defect categories. Case births were placed in each category for which they had at least one malformation. For example, if a child was diagnosed with anencephaly, a cleft lip, and a cleft palate, that child would be counted once for both the "nervous system defects" and "clefts" categories.
Controls. Controls were selected from New York State birth certificate records. There were 506,183 live births during the years 1983 and 1984. Control births were selected using the same exclusion criteria as noted above for the cases. Additionally, files were checked against the Congenital Malformations Registry, and any birth with a coded malformation was excluded to eliminate the possibility of misclassification. A 12 percent random sample was then selected to obtain a number of controls approximately twice that of the cases, producing a total of 17,802 controls for analysis.
Confounders. Data on potentially confounding variables and other risk factors were abstracted from case and control live birth certificate records. This information included maternal age, race, education, address and county of residence, complications during pregnancy, parity, birth weight, length of gestation, and sex of the child.
Case and control coordinate assignments. Addresses for the cases and controls were assigned latitudes and longitudes using the 1980 US Census Dual Independent Map Encoding files (33) . These files list coordinates based on census blocks for every address in Standard Metropolitan Statistical Areas (34) . Approximately 40 percent each of cases and controls were assigned coordinates using this method. The remaining addresses could not be matched to these files because of a variety of circumstances (e.g., spelling inaccuracies, new housing developments not listed in the 1980 files, incorrect ZIP codes, etc.). When addresses were not present in the 1980 Dual Independent Map Encoding files, a second method was used in which coordinates for Postal Carrier Route centroids were employed. These coordinates are based on populations equivalent to census block groups, with different geographic boundaries. ("Centroid" refers to the center point of the Postal Carrier Route boundary.) Another 40 percent of both cases and controls were computer-matched using this method. Finally, the remaining study participants were each assigned latitudes and longitudes using ZIP code centroids. On the basis of this method, it was possible for some cases or controls to be assigned the same Postal Carrier Route or ZIP code centroid.
A subanalysis was conducted in a random sample of 500 addresses in order to evaluate how closely these three mapping methods correlated with each other. In relation to the Dual Independent Map Encoding file location, the Postal Carrier Route method had an average discrepancy of 200 feet (61.4 m), and for the ZIP code centroid, this discrepancy averaged 1,300 feet (399.1 m). Thus, approximately 80 percent of the cases and controls were mapped to an accuracy of 200 feet or better.
Exposure
Hazardous waste sites were evaluated using a scoring system developed by the US Environmental Protection Agency and modified by the New York State Department of Health to identify potential health risks (35) (36) (37) . This system, used in the Hazardous Waste Site Inspection Program, estimates the likelihood of human exposure (via inhalation, ingestion, and dermal contact) by the major environmental exposure routes (air, groundwater, surface water, and soil) for residences within a 1-mile (1.6-km) radius of a site. These scores are relative, and it is not known how accurately they reflect the absolute risk of exposure. Their main purpose is to highlight those sites that should be considered a priority for remediation.
The score is comprised of a variety of factors, including a chemical score (C), which incorporates the toxicity of the identified chemicals and their ability to migrate off-site; a probability score (P), which evaluates the probability of contaminant transport from the site; a target factor score (TF), which considers the population and their distance from the waste site; and a weighting factor score (WF), which evaluates the relative importance of each environmental exposure route. Therefore, the model yields the result of C x P x TF x WF for each exposure pathway. Scores are then summed over all pathways to determine the final site score.
For the purposes of this study, all scores were recalculated without the "population" portion of the target factor score, so that greater weight would not be given to those sites with larger populations surrounding them. This modification allowed for a more valid score to be assigned to individuals within a 1-mile radius of a waste site.
Chemicals documented on-site were grouped into four general categories based on their chemical properties (38) . These chemical classes have all been identified in toxic waste sites, and some have been studied vis-a-vis their association with birth defects. The categories included pesticides, metals, solvents, and plastics. A separate category of "unknown" was created for those chemicals that could not easily be classified. Sites were not placed into mutually exclusive categories. Rather, one site could have chemicals that fell into one or more of the chemical groups listed above. An "exposure risk index" was created for each respondent, incorporating the distance from and the hazard ranking score for each site within a 1-mile radius of the birth residence (exposure risk = £7"° [site score weighting factor,,] x [distance weighting factor,,]). Thus, the higher the waste site score, or the closer an individual's proximity to a site, the greater the weighting factor assigned. A cut-off score of 30 was then used to differentiate between a high exposure risk and a low exposure risk. In addition, waste sites were separated according to whether there was evidence of off-site migration of contaminants.
Mapping
A coordinate matching program developed by the New York State Department of Health was utilized to match all case and control coordinates to the hazardous waste site coordinates (figure 2). This program calculates the distance and direction of each case or control residence at birth from hazardous waste sites within a 1-mile radius. Those individuals living within 1 mile of the site were considered potentially exposed. Although the 1-mile limit is arbitrary, its use was necessary for consistency with the'systems of the New York State Department of Health and the Environmental Protection Agency and other systems used to assess exposure.
The association between maternal proximity to toxic waste sites and birth defects was analyzed using the unconditional linear logistic regression procedure in SAS (39). Example of the coordinate mapping procedure used to mark the proximity of congenital malformation cases and controls to hazardous waste sites. Thirty-six cases and controls were "exposed" to waste site number 130018. Results were verified by mapping a subset of coordinates using ATLAS graphics program software (Strategic Mapping, San Jose, California).
RESULTS
An initial analysis was conducted to pinpoint factors associated with both exposure and disease status (table 1). Variables that were related to both waste site exposure and birth defects were considered potential confounders and were controlled for in the logistic regression analysis.
A 12 percent increased risk for birth defects was associated with maternal proximity to toxic waste sites (odds ratio (OR) = 1.12, 95 percent confidence interval (CI) 1.06-1.18). Variables in the final model included maternal age, race, education, complications during pregnancy, parity, and sex of the child (table 2). These findings are consistent with the known risk factors for birth defects.
Specific malformation groups correlated with chemical exposure in previous studies were generally associated with toxic waste site exposure in this study (table 3) . Excluding digestive system defects, these odds ratios were higher than the odds ratio calculated for all malformations combined (range of ORs = 1.15-1.32). Because of a paucity of literature, the remaining malformations were categorized under "data too limited to infer associations with chemical exposure." This category showed no association with waste site exposure (OR = 1.01, 95 percent CI 0.94-1.08). • The association of "sex of chfcj' with malformations is explained by the inclusion of the common male urogenital defect hypospadlas. This association disappears when hypospadlas is removed from the analysis. Specified factors relating to waste sites were further analyzed to define exposure situations that might pose increased health hazards. These two factors include the exposure risk index and hazardous waste sites with documented off-site leaks and spills. Three organ system malformationsnervous system, musculoskeletal system, and integument system defects-were evaluated, based on their statistical association with waste site proximity in table 3. As table  4 shows, both variables showed a "doseresponse" relation with congenital malformations. That is, the odds ratios increased significantly as the exposure risk index level increased (no exposure risk: OR = 1.00; low exposure risk: OR = 1.09, 95 percent CI 1.04-1.15; high exposure risk: OR = 1.63, 95 percent CI 1.34-1.99) or if off-site chemical migration occurred (no exposure risk: OR = 1.00; exposed, but no leaks at site: OR = 1.08, 95 percent CI 1.02-1.15; exposed, and leaks found at site: OR = 1.17, 95 percent CI 1.08-1.27); however, the absolute increase in risk was quite small. Table 5 displays the results of the analyses relating certain birth defects to specific chemical exposures. All cases with these selected defects were compared with hazardous waste sites containing the chemical groups noted. Although statistical power was reduced because of the smaller sample size for the individual combinations, the point estimates for the specific defect/chemical groups were generally as large as or larger than the odds ratios reported in table 3. •p < 0.05; "p< 0.01.
t ICD-9. International Classification ol Diseases, Ninth Revision; OR, odds ratio; Cl, confidence interval j The numbers of cases for the Individual organ systems do not add up to the total number of cases for aS defects combined because Individuals may have had more than one defect § Adjusted for maternal age, race, education, compScattons during pregnancy, parity, population density for county of residence, and sex of the child, by logistic regression.
I Syndromes include all defects coded as "syndrome" in the New York State Congenital Malformations Regetry, or any chid wrth four or more defects. 
DISCUSSION
This study suggests that a small but statistically significant additional risk for birth defects is associated with maternal proximity to toxic waste sites. This conclusion is supported by the consistency of findings at each level of analysis. However, these findings should be evaluated in light of the fact that statistical significance is not surprising, given the large number of infants analyzed.
While these results cannot prove causality, they do exhibit many characteristics of causal associations. Each of the four tiers of analysis consistently showed increased rates for defects in association with exposure to hazardous waste sites. Specificity of results is also apparent. As the analysis becomes more focused, the results show similar or generally stronger associations at each stage. Rates for certain defects previously associated with chemical exposure in the literature were statistically elevated, even when the power to detect an effect was greatly reduced, while rates for other defects with little or no data to suggest a relation to chemical exposure showed no such increases. Finally, the dose-response relation of malformations associated with waste site characteristics adds further credence to the notion of biologic plausibility, an important criterion in determining causality.
This study has some limitations. Specifically, it did not include data on spontaneous abortions and fetal deaths, reproductive endpoints which may also be related to hazardous waste site exposure. Therefore, this study has an incomplete accounting of birth defects, and the results can only be generalized to those birth defects occurring in live births. In addition, the etiologies of the malformations placed within the same classification grouping (e.g., nervous system defects) may be quite heterogeneous. Therefore, although an entire category might be associated with risk, it is unclear which of the defects within the group are truly correlated with exposure. The loss of precision inherent in such a general classification scheme reduces the likelihood of detecting a relation between malformations and proximity to toxic waste sites.
Birth residence may not be an accurate proxy for first-trimester residence, which, in terms of congenital defects, is truly the exposure period of interest. Recent data on mobility during pregnancy suggest that approximately 20 percent of mothers move between the time of conception and birth (40) . If this estimate is valid, then this misclassification reduced the overall statistical power of the study and biased the effect measures toward the null value. The misclassification of birth residence due to the use of postal service centroids in the mapping assignment would also have had a similar effect.
The assessment of exposure in this study was indirect. The use of a 1-mile boundary could misclassify the mother's exposure to airborne pollutants, for example. The study also relied on waste site inspection data instead of environmental or biologic monitoring, so that some random misclassification of exposure is likely to be present; again, this is generally thought to reduce true risks should they be present.
Although a number of potential confounders were controlled for statistically, information on other relevant variables, such as smoking and alcohol history, maternal and paternal occupational exposures, and nutritional status, was not available. However, the impact of these factors on a population in causing birth defects (except in specific circumstances) is far from certain. While smoking has been associated with low birth weight and alcohol is correlated with fetal alcohol syndrome, there is little consistent evidence in the literature (41) (42) (43) to suggest an association with other congenital malformations.
The impact of emissions from active industrial facilities operating in the vicinity of the waste sites is another factor that could not be adequately addressed in this study. It is possible that women living close to toxic waste sites are at increased risk of bearing children with birth defects because of these or other unknown factors. Occupational factors may also be an important consideration. Recent data indicate that paternal exposures may play a greater role in the etiology of birth defects (44) (45) (46) . Although maternal or paternal occupation or industrial plant air emissions could explain some of the observed effects, such interpretations still suggest that it is exposure to chemicals that accounts for the increased risk of congenital malformations detected.
Finally, although there was no information on the nutritional status of the study subjects, this factor may be correlated with socioeconomic status, which was partially controlled for by using maternal education as a surrogate measure.
This study has a number of strengths compared with previous community studies (10) (11) (12) . Use of the Congenital Malformations Registry reduced the potential for incurring the selection and recall biases common in studies of well-publicized toxic waste sites. Additionally, the large size of the study population greatly increased statistical power to identify what may be a small but still potentially important effect.
The results suggest that residential proximity to toxic waste sites may be associated with a 12 percent increased risk for bearing children with congenital malformations. There also appear to be certain malformation groups, or exposure situations, where risks are greater than the overall 12 percent risk.
Further research is needed to corroborate these findings, using environmental and biologic monitoring data to better define exposure status. Especially, the impact of active industrial exposures must be addressed, along with possible interactive effects of smoking, alcohol, and nutritional status. Confirmatory data from such studies would strengthen causal inferences regarding the teratogenicity of residential exposure to hazardous waste sites. The results from this study also suggest that environmental scoring systems, linkage of large population data bases, and proximity mapping using computerized geographic coordinates have utility for evaluating other birth cohorts and diseases for their association with toxic waste site exposure.
